The reaction of four-membered ring chalcogenation reagents such as Lawesson's reagent, 2,4-diferrocenyl-1,3,2,4-diathiadiphosphetane 2,4-disulfide (the ferrocene analogy of Lawesson's reagent) and Woollins' reagent with alkyl-or aryl-dithiols in refluxing toluene gave a series of five-to seven-membered organophosphorus-chalcogen heterocycles in 24% to 87% yields. Five representative X-ray structures confirm the formation of these five-to seven-membered heterocycles.
Introduction
The chemistry of organophosphorus-chalcogen heterocycles has attracted extensive attention for several decades. Heterocycles with small ring systems have found many applications both as useful starting materials in the synthesis of more elaborate structures and as valuable targets of organic and inorganic synthesis. 1 A variety of organophosphorus-chalcogen heterocycles including three-to ten-membered ring systems has been developed due to their wide-ranging applications in synthetic chemistry. [2] [3] [4] [5] The most important RP/S(Se)
heterocycles are the four-membered ring compounds, Lawesson's reagent (LR, R = p-C 6 H 4 OMe), a highly efficient thionation reagent, 6-11 2,4-diferrocenyl-1,3,2,4-diathiadiphosphetane 2,4-disulfide (FcLR, a ferrocene analogy of Lawesson's reagent), another alternatively efficient thionation reagent, [12] [13] [14] [15] [16] and 2,4-diphenyl-1,3-diselenadiphosphetane 2,4-diselenide [{PhP(Se)(µ-Se)} 2 ] (Woollins' reagent, WR, R = Ph, a selenium counterpart of Lawesson's reagent), as a highly efficient selenation reagent. [17] [18] [19] [20] [21] [22] [23] [24] [25] Very recently, we have reported these chalcogenation reagents used as efficient building blocks for the synthesis of a series of phosphorus-chalcogen macrocycles incorporating two phosphorus atoms and four chalcogen atoms [X 2 -P 2 -X 2 (X = O, S, Se)] in the central ring. [26] [27] [28] In order to enrich further the library of organo phosphorus-chalcogen heterocycles, herein we report the preparation of a series of small organo phosphorus-chalcogen heterocycles from the reaction of chalcogenation reagents (LR, FcLR and WR) with alkyl-dithiol or aryl-dithiols, and five representative X-ray structures.
Results and Discussion
Treating Lawesson's reagent with two molar equivalents of alkyl-or aryl-dithiol in refluxing toluene gave the corresponding five-and six-membered ring heterocycles 1-3 in 45% to 65% yields, respectively, as shown in Scheme 1. Heterocycles 1-3 were obtained as white solids or pastes in good yields, and are soluble in normal organic solvents such as dichloromethane, chloroform, THF, acetonitrile, acetone and so on. All of the above heterocycles were found to be air-stable both as solids and in solution. C spectra of 1-3 show clearly the presence of both the aromatic and alkoxy substituents displaying the expected coupling constants. Singlets at 71.4, 64.7 and 88.4 ppm were observed respectively in their 31 P{ 1 H} NMR spectra. Attempts to prepare ring systems of more than six-members from the reaction of LR with longer-chain [(-CH 2 -) n , n > 3] dithiol precursors failed and always led to very messy products.
The X-ray structures of heterocycles 1-3 reveal (Figures 1-3 and Tables 1 and 2 ) that all compounds crystallize with one independent molecule in the unit cell. 1-3 adopt puckered conformations with 1 being a pseudo-chair arrangement and 2,3 being open envelope conformations. Compared to the structures of 2 and 3, the structure of 1 is highly symmetrical with the mean plane of newly formed ring being perpendicular to the aryl ring. In comparison, the mean planes of the newly formed ring and the aryl ring in 2 and 3 are rotated with the dihedral angles of 87.70° and 80.98°, respectively. In the newly formed ring the central phosphorus atom lies 0.195 Å in 1, 0.349 Å in 2 and 0.332 Å in 3 out of the P-S-S-C n (n = 2, 3) mean plane. The P=S double bond lengths in the structures of 1-3 are 1.934(2) Å, 1.9390(10) Å and 1.9351(7) Å, respectively, cf dithiophosphono disulfides [1.9203(14) -1.9303(7) Å], [29] [30] [31] are slightly shorter than that in other terminal phosphine sulphide bond lengths in the Cambridge Crystallographic Database (average 1.965 Å). The reaction of WR and alkyl-or aryl-dithiol was carried out under identical condition. Phosphorusselenium heterocycles 4-6 were obtained by the reaction of WR with the corresponding alkyl-dithiols in good to excellent yields (Scheme 3). Meanwhile, the reaction of WR with two equivalents of aryl-dithiol afforded as the sole product seven-membered ring heterocycle 7 in very low yield (24%). The results indicated that the stability of heterocycles is affected by the replacement of sulfur by selenium in the phosphorus center; the P(Se)-containing heterocycles seem to be more stable than those with a P(S) motif. Furthermore, the building block with π-system such as phenyl ring is less favorable than building block such as linear CH 2 CH 2 CH 2 CH 2 chain system. Two diastereoisomers were found in ca. 2 : 1 intensity ratio for seven-membered heterocycle 6 due to its highly twisted newly formed ring. In all cases mass spectrometry found the expected [ , indicating that in each compound there is a P=Se double bond present. This is further substantiated by the Se NMR spectra, which display a doublet with matching coupling constants, indicating the presence of a P=Se double bond in each compound.
Scheme 2.
Synthesis of phosphorus-sulfur-selenium heterocycles 4-7 from WR and alkyl-or aryl-dithiols.
Analogous reactions were carried out by using FcLR 29, 30 and dithiols. The reaction of FcLR with two molar equivalents of alkyl-or aryl-dithiols in refluxing toluene afforded five or seven-membered ring heterocycles 8-10 in good yields as shown in Scheme 2. The yields suggest that the ring size of the newly formed ring plays a key role in the formation of heterocyclic compounds 8-10, the formation of five-membered rings 8 and 10 are favoured compared the formation of seven-membered ring 9. Though the 31 P NMR spectrum of the reaction mixture did suggest the formation of the corresponding six-membered ring heterocycle (δ P = 71.9 ppm), the reaction of FcLR with 1,3-propane-dithiol did not lead to any isolatable pure product. The heterocycles 8-10 were found to be air stable both as solids and in solution. Two signals were found in ca. 3 : 2 intensity ratio for seven-membered heterocycle 9 and we speculate that there are conformational isomers present with selenium/phenyl substituents being able to occupy axial or equatorial positions though we have not conducted VT NMR experiments. The X-ray structures of 5 and 10 were obtained and show that the PhP=X (X = S or Se) is attached across the dithiol in a newly formed five-membered C 2 PS 2 ring or six-membered C 3 PS 2 ring as shown in Figure 2 and Tables 1 and 2 . Compound 10 crystallizes with one independent molecule within the unit cell; compound 5 crystallizes with two independent molecules within the unit cell. Both structures adopt the envelope like conformation, having very similar structural motif to the structure of 3. The newly formed five-membered ring P(S)-S 2 -C 2 in 10 is nearly planar with a mean deviation of 0.1522 Å; however, the newly formed six-membered ring P(Se)-S 2 -C 3 in 5 is highly puckered. The P-S single bond lengths in 10 [2.1045 (14) 37 The P(Se)S 2 C 3 ring in 5 adopts a chair geometry with the substituent phenyl ring in an axial site. In Five representative X-ray structures are discussed to confirm the formation of these heterocycles. It is anticipated that this route would be a convenient pathway to synthesize novel macrocyclic compounds. This method allows P-S or P-Se heterocycles to be easily available for further investigations into their chemistry and biological properties.
Experimental Section
General. Unless otherwise stated, all reactions were carried out under an oxygen free nitrogen atmosphere using pre-dried solvents and standard Schlenk techniques; subsequent chromatographic and work up procedures were performed in air. All commercially available reagents including alkyldithiols and aryldithiols were used as supplied without further purification unless stated otherwise. . Mass spectrometry (m/z, HRMS) data was performed using either atmospheric pressure chemical ionization (APCI) or electron ionization (EI) using a TOM mass analyzer. The X-ray crystal structure for compound 1 was collected at 173 K using a Rigaku MM007 High brilliance RA generator/confocal optics and Mercury CCD system, and the structures for compounds 2, 3, 5 and 10 were collected using a Rigaku FR-X Ultrahigh brilliance Microfocus RA generator/confocal optics and Rigaku XtaLAB P200 system, both with Mo Kα radiation (λ = 0.71075 Å). Intensity data were collected using both ω and φ steps (1), or ω steps alone (2, 3, 5, 10), accumulating area detector images spanning at least a hemisphere of reciprocal space. All data were corrected for Lorentz polarization effects. Absorption effects were corrected on the basis of multiple equivalent reflections or by semi-empirical methods using CrystalClear. 38 Structures were solved by charge-flipping (Superflip: 1), 39 2-(4-Methoxyphenyl)-1,3,2-benzodihydrodithiaphosphole 2-sulfide (3) . White paste (58% yield). Selected IR (KBr, cm Phenyl-1,3,2-benzodithiaphosphole 2-selenide (7) . Pale red paste (24% yield). Selected IR (KBr, cm 1303(m), 1260(m), 1090(s), 1027(m), 802(m), 748(s), 705(m), 687(m), 617(m), 573(s), 535(m), 480(m Ferrocenyl-1,3,2-dithiaphospholane 2-sulfide (8) . Pale yellow solid (72% yield). Selected IR (KBr, cm 
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